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Supercritical density fluctuations and
structural heterogeneity in supercooled
water-glycerol microdroplets

Sharon Berkowicz1,7, Iason Andronis 1,7, Anita Girelli 1, Mariia Filianina 1,
Maddalena Bin 1, Kyeongmin Nam 2, Myeongsik Shin 2,
Markus Kowalewski 1, Tetsuo Katayama 3,4, Nicolas Giovambattista 5,6,
Kyung Hwan Kim 2 & Fivos Perakis 1

Recent experiments and theoretical studies strongly indicate that water
exhibits a liquid-liquid phase transition (LLPT) in the supercooled domain. An
open question is how the LLPT of water can affect the properties of aqueous
solutions. Here, we study the structural and thermodynamic properties of
supercooled glycerol-water microdroplets at dilute conditions (χg = 3.2% gly-
cerol mole fraction). The combination of rapid evaporative cooling with
femtosecond X-ray scattering allows us to outrun crystallization and gain
access to the deeply supercooled regime down to T = 229.3 K. We find that the
density fluctuations of the glycerol-water solution or, equivalently, its iso-
thermal compressibility, κT, increases upon cooling. This is confirmed by
molecular dynamics simulations, which indicate that the presence of glycerol
shifts the temperature of maximum κT from T = 230 K in pure water down to
T = 223 K in the solution. Our findings elucidate the interplay between the
complex behavior of water, including its LLPT, and the properties of aqueous
solutions at low temperatures, which can have practical consequences in
cryogenic biological applications and cryopreservation techniques.

The thermodynamic behavior of water is complex1–4. For example, in
the liquid state and at P = 1 bar, water exhibits anomalous maxima in
density ρ(T) (at T = 277 K)5, isobaric heat capacity CP(T) (at
T = 229 K)6, and isothermal compressibility κT(T) (at T = 230 K)7.
A natural explanation of the anomalous behavior of liquid and glassy
water is given by the liquid–liquid phase transition (LLPT)
hypothesis8 which has received overwhelming support in recent
years from experiments6,7,9–12 and theoretical investigations13–15. In the
LLPT scenario, liquid water exists in two liquid states at very low
temperatures (at approximately T < 220 K), low-density liquid (LDL)
at low pressures, and high-density liquid (LDL) at elevated pressures.

In the P–T plane, LDL and HDL are separated by a (liquid–liquid) first-
order phase transition line at very low temperatures that ends at a
liquid–liquid critical point (LLCP) located at approximately
Pc = 50–100 MPa and Tc = 200–220 K16–18. According to this
hypothesis, liquid water at T > Tc and ambient pressure is a super-
critical mixture of HDL/LDL fluctuating domains3,8,18,19. In particular,
the presence of the LLCP in the P–T phase diagram of water implies
that the liquidmust exhibit lines ofmaxima (in the P–T plane) in κT(T)
and CP(T) at constant pressure (P < Pc). These lines of maxima in κT(T)
and CP(T) converge onto a single line in the P–T plane as P → Pc,
defining the so-called Widom line—specifically, the Widom line
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corresponds to the states in the P–T plane at which the correlation
length reaches a maximum value20. The location of the Widom line at
ambient pressure has been observed experimentally, indicating that
liquid water exhibits maxima in the correlation length at T ≈ 230 K7.
In particular, a maximum in κT(T) and CP(T) have also been identified
at T ≈ 230 K at ambient pressure6,7, implying that the LLCP in water
must be located at slightly elevated pressures18. While the hypothe-
sized LLCP in liquid water has been found in numerous molecular
dynamics (MD) simulations using different realistic water
models15,21–25, it has so far eluded direct experimental verification.

The LDL-HDL fluctuations in liquid water at ambient pressure
and low temperatures may have significant implications for the
thermodynamic, structural, and dynamic properties of aqueous
solutions. For example, at dilute concentrations, they should induce
maxima in thermodynamic response functions, such as CP(T) and
κT(T), which are associated with fluctuations in enthalpy and
density, respectively. LDL-HDL fluctuations may also affect the sol-
vation of biomolecules both at ambient and supercooled conditions.
The behavior of supercooled liquid and glassy aqueous solutions
has wide importance in scientific and engineering applications, such
as in cryopreservation techniques and the study of biological matter
at low and cryogenic temperatures. Cryoprotectants are often
utilized to minimize freeze damage, by interrupting the hydrogen-
bond network of water and thereby preventing ice nuclei from
forming and growing26,27. Interestingly, it has been suggested that
the addition of solutes to water can affect the hydrogen-bond
structure in a manner that resembles increasing pressure, i.e. by
suppressing the tetrahedral hydrogen-bonded water structures
associated with LDL28–30.

The following natural questions arise from our discussion above:
do the LLPT and/or the HDL/LDL fluctuations observed in pure water
also exist in aqueous mixtures? If so, at what concentrations do the
LLPT and LDL/HDL fluctuations develop in the solution? What role do
they play in the behavior/properties of the solution? We note that MD
simulations indicate that an LLCPmay exist in ionic aqueous solutions,
although the location of the critical point in the phase diagram can be
shifted relative to pure bulk water due to the presence of the solutes
and how these interact with water30–34. This observation is also con-
sistent with experiments of hyperquenched aqueous LiCl solutions,
where a polyamorphic transition from high-density to low-density
glass was observed35–38. MD simulations and experiments in glassy
water also suggest that an LLPTmay occur in dilute aqueous solutions
containing alcohols and/or biomolecules39.

Glycerol-water mixtures of different concentrations have become
prototypical systems to study whether the LLPT and/or HDL/LDL
fluctuations can manifest in organic aqueous solutions28,29,40–46.
Experiments show that, upon isobaric cooling, solutions with inter-
mediate glycerol concentrations (χg = 13–19% glycerol mole fraction)
develop noticeable changes in the liquid structure. These changes
were originally believed to stem from a low-temperature LLPT in the
solution, related to the HDL/LDL fluctuations in pure water28,29,45.
However, further experiments and simulations attributed the low-
temperature solution behavior at intermediate glycerol concentra-
tions primarily to the formation of ice crystallites and freeze-
concentration of the remaining solution41–45,47. Nonetheless, at least
for very dilute glycerol-water solutions, it is expected that the LLCP
location in the P–T plane, (Pc, Tc), shifts continuously with the addition
of glycerol. Indeed, MD simulations and experiments in glassy
glycerol-water solutions suggest that the LLCP shifts towards lower
temperatures and/or higher pressures in the presence of glycerol, e.g.,
(Tc= 150K,Pc=30–50MPa) for χg= 12–15%glycerolmole fraction40,42,43.
We note that experiments confirming the existence of an LLCP in
supercooled liquid glycerol-water solutions have so far been missing
due to the fast ice nucleation in the samples which is difficult to avoid
experimentally41–45,47,48.

In this work, we probe experimentally the liquid structure and
thermodynamic properties of deeply supercooled microdroplets of
glycerol-water solutions in the dilute regime (χg = 3.2% glycerol mole
fraction) down to T = 229.3 K, which is not accessible by conventional
methods. Our goal is to address the following questions: how does the
LLPT of water affect the properties of dilute glycerol-water mixtures?
How does the presence of glycerol affect the local water network
structure and the LDL-HDL fluctuations? In particular, how does the
additionof glycerol shift the reportedmaximum in the compressibility
of pure water? Our approach utilizes the rapid evaporative cooling
technique7,9 combined with femtosecond X-ray scattering at SACLA
X-ray free-electron laser (XFEL) (see Fig. 1). The use of a large-area
detector enables us to measure simultaneously the wide-and small-
angle x-ray scattering domains (WAXS and SAXS) of the structure
factor S(q). In particular, from the SAXSmeasurements, we extract the
isothermal compressibility and correlation length of the associated
density fluctuations. In addition, we complement the experimental
results with molecular dynamics (MD) simulations. The MD simula-
tions allowus to study the properties of the solution, including S(q), κT,
and the localmolecular structure, down to T = 190K (χg = 3.2% glycerol
mole fraction).

100 m

A B

X-ray pulses
(E = 7.7 keV)

Droplet 
dispenser

Fig. 1 | The experimental setup combining rapid evaporative cooling of
glycerol-water microdroplets with femtosecond X-ray scattering. A A sche-
matic overview of the experiment where glycerol-water solution (χg = 3.2% glycerol
mole fraction) is supercooled by rapid evaporation in vacuum and probed by
femtosecond X-ray pulses at SACLA X-ray free-electron laser (XFEL). The small- and

wide-angle X-ray scattering (SAXS, WAXS) are measured simultaneously by using a
large-area detector. BMicroscope image of the glycerol-water droplets (18.7 μm in
diameter) shown close to the liquid jet nozzle, recorded by stroboscopic
illumination.
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Results
X-ray structure factor
Figure 2A shows the experimental structure factor of supercooled
droplets (18.7 μm in diameter) containing dilute glycerol-water solu-
tions (χg = 3.2% glycerol mole fraction) at different temperatures pro-
bed by femtosecond X-ray scattering at SACLA XFEL. A large-area
detector is used that provides a broad momentum transfer q-range
spanning from SAXS (qmin ≈ 0.15 Å−1) to the first diffraction peak in
WAXS (qmax ≈ 1.89 Å−1). We also measure the structure factor of bulk
glycerol-water solutions (χg = 3.2% glycerol mole fraction) by table-top
X-ray diffraction (XRD) at temperatures T = 295–250 K. This allows us
to measure the S(q) over a larger q-range, up to q ≈ 6 Å−1; see Supple-
mentary Information for details on the calculations of S(q), reprodu-
cibility, and control of experimental conditions. Upon cooling, the first
peak of S(q) increases in magnitude and, in particular, it shifts con-
tinuously towards lower values of q. This observation is consistentwith
the behavior of the S(q) in pure water, reflecting the increasing tetra-
hedral coordination of the water molecules upon cooling7. The SAXS
region is emphasized in the inset of Fig. 2A, where a strong enhance-
ment of the structure factor is observed with decreasing temperature.
This SAXS enhancement is also consistent with previous experiments
in supercooled pure water, which is attributed to the increase of
density fluctuations and hence, to the increase of isothermal com-
pressibility, upon cooling7.

Interestingly, there is an isosbestic point in the S(q) shown in
Fig. 2A located at q ≈ 0.5 Å−1. While it is not evident whether there is
an underlying physical/chemical reason for the existence of this
isosbestic point in the S(q), such an isosbestic point defines a
T-independent wavevector q that can be used as a useful for future
SAXS studies. The isosbestic point in S(q) is a consequence of the
increase in S(0) upon cooling, which is due to the increase in thermal
compressibility as the temperature of the solution is lowered. Since
the value of S(q1) is practically T-independent, the increase of S(0)
upon cooling leads to an isosbestic point that barely shifts with
decreasing temperature. An isosbestic point is also found in the S(q)
of pure water, located at q ≈ 0.4 Å−17. MD simulations using TIP4P/
2005 indicate an isosbestic point at q ≈ 0.25 Å−1 at P = 1 bar, which
shifts to q ≈ 0.4 Å−1 upon increasing pressure at P = 1 kbar49.
Accordingly, adding glycerol shifts the isosbestic point of the S(q)
slightly, towards higher q-values, at q ≈ 0.5 Å−1, which is consistent
with the overall shift in the S(q) of water, towards lower values of q,
with the addition of glycerol. A similar shift of the isosbestic point of
the S(q) has been measured in the SAXS of NaCl-water solutions50,51,
resembling the trend found in computer simulations of pure water
with increasing pressure22.

Figure 2B shows the S(q) of the glycerol-water solutions (χg = 3.2%
glycerol mole fraction) calculated from MD simulations at tempera-
tures T = 230–260 K (see the Methods for details on the computer
simulations). Qualitatively, the experimental and simulated structure
factors show remarkable resemblance. In agreement with the experi-
ments (Fig. 2A), the S(q) obtained from the MD simulations exhibits a
shift in the diffraction peak towards lower q-values and a pronounced
enhancement of the SAXS intensity upon supercooling. On comparing
the SAXS structure factors from experiments andMD simulations (see
insets, Fig. 2), we note two main differences. Firstly, there is a slight
shift in the q-position of the experimental and simulated isosbestic
points of S(q) (in the SAXS range). This is in agreement with previous
observations in the S(q) of pure water obtained from experiments/MD
simulations22. Secondly, there is a small difference in the absolute
intensity of the SAXS curves at small q. For example the minimum of
S(q) in Fig. 2A increases from S(q) ≈ 0.055 to S(q) ≈ 0.060 as the
temperature decreases from T ≈ 260 K to T ≈ 230 K. Instead, in Fig. 2B,
the minimum of S(q) increases from S(q) ≈ 0.030 to S(q) ≈ 0.040 (for
the same T-interval). This discrepancy is likely due to the difference in
the S(0) between experiments and MD simulations observed also for
pure water49, related to the fact that TIP4P/2005 underestimates the
compressibility, (see Supplementary Note 5 for a direct comparison
and detailed discussion). A small difference in the vertical offset and
scaling of the SAXS curves can also result from the dilute-limit
approximation used for the calculation of the S(q) from the MD
simulations (see Supplementary Note 1) or from experimental uncer-
tainties arising from the background subtraction (see Supplementary
Note 1.1).

Taking into account the difference in melting temperature of real
water and TIP4P/2005 (Tm ≈ 250 K), and thus comparing supercooled
degrees instead of the absolute temperature is not sufficient by itself
to account for the observed discrepancy (see Supplementary Supple-
mentary Fig. 10). It has been shown that comparing the experimental
data of pure water with MD simulations at elevated pressures yields a
more accurate comparison of the SAXS regime and the corresponding
compressibility49. This effect can be attributed to the fact that the
location of the LLCP of the TIP4P/2005model (see refs. 15,22–25,52) is
shifted in pressure–temperaturewith respect to the LLCPestimation in
real water18.

Wide-angle X-ray scattering (WAXS)
The structure factor first-peak position of the glycerol-water solu-
tion, q1(T), is shown in Fig. 3A for T = 229.3-295 K. Included in Fig. 3A
are the values of q1(T) extracted from (i) the WAXS measurements of
microdroplets at SACLA XFEL (T = 229.3–250 K; open black circles)

Fig. 2 | The small- and wide-angle X-ray scattering (SAXS, WAXS) structure
factor S(q) of glycerol-water solutions (χg = 3.2% glycerol mole fraction) at
different temperatures. Comparison of S(q) obtained by (A) femtosecond X-ray

scattering experiments on microdroplets and (B) molecular dynamics (MD) simu-
lations. The insets showmagnifications of the SAXS region (note the different scale
on the y-axis of the insets in (A) and (B)).
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and (ii) the bulk solution using table-top XRD (T = 250-295 K; open
black squares). With conventional cooling methods, i.e., with cooling
rates of ∼1 K/s, the lowest temperature accessible to the glycerol-
water solution before crystallization intervenes is T ≈ 250 K (3.2%
glycerol mole fraction). The use of evaporative rapid cooling
of microdroplets allows us to extend the experimental data down
to T = 229.3 K (see Supplementary Note 3 for details on the tem-
perature estimation). Within the measured temperature range,
T = 229.3–295 K, q1(T) decreases continuously upon cooling. In
addition, the experimental data indicates that the corresponding rate
of change, dq1(T)/dT, increases upon cooling. This trend is consistent
with the temperature dependence of q1(T) measured in pure water
(open red triangles and circles from refs. 7,53). In the case of pure
water, it has been shown that the decrease of q1(T) upon cooling is
correlated with an increase in the tetrahedral order of the water
molecules7. Interestingly, Fig. 3A shows that at high temperatures,
approximately T > 250 K, the addition of glycerol reduces the values
of q1 at a given temperature, while at 230 < T < 250K, the q1(T) of pure
water and the glycerol-water solution nearly overlap. This suggests
that, at least for T > 250 K, glycerol promotes a comparatively more
open tetrahedral arrangement of solvent molecules, relative to bulk
water. The ability of glycerol to form multiple hydrogen bonds can
play a key role, enabling glycerol to incorporate itself within the
hydrogen-bond network of water.

Figure 3B shows the q1(T) for the glycerol-water solution calcu-
lated from our MD simulations (open black circles) as well as the
corresponding results obtained for bulk TIP4P/2005 water reported in
ref. 49. Overall, the results from the MD simulations shown in Fig. 3B
are in semi-quantitative agreement with the experimental data
(Fig. 3A); see also Supplementary Fig. 6A. While the experimental data
is limited to T ≥ 229.3 K due to rapid crystallization, the lack of crys-
tallization in the MD simulations allows us to explore the behavior of
q1(T) at lower temperatures. As shown in Fig. 3B, two temperature
regimes can be identified: a high-temperature regime (T > 240 K)
where the q1(T) of the glycerol-water solution is lower than the q1(T) of
pure water, and a low-temperature regime (T < 240 K) where the q1(T)
of the glycerol-water is higher than that of pure water. It follows that at
low temperatures, the addition of glycerol shifts the first peak of S(q)
towards larger values, relative to the pure water case, suggesting that

at T < 240 K glycerol may partially suppress the local tetrahedral
structure of water.

We conclude this section by noticing that the MD simulation of
glycerol-water solutions show an inflection point in q1(T) at around
T = 231 K, yielding a maximum in the temperature-derivative dq1/dT
(see the inset of Fig. 3B). This temperature is practically identical to the
Widom line temperature in purewater at ambient pressure reported in
ref. 21. Importantly, in the case of pure water, a maximum in the
experimental dq1/dT has also been reported at T ≈ 230 K which coin-
cides with the experimental Widom line temperature of pure water at
ambient pressure7 (based on the maxima in correlation length).

Small-angle X-ray scattering (SAXS)
Next, we focus on the features of S(q) at q < 0.5 A−1. An enhancement of
the S(q) in the SAXS region upon supercooling (Fig. 2) is associated
with the presence of density fluctuations7,50,51. Indeed, the isothermal
compressibility κT, which is the thermodynamic response function that
quantifies the density fluctuations in the system, is given by54

κT =
Sð0Þ
nkBT

: ð1Þ

where n is the average molecular number density in the solution esti-
mated from the corresponding total density and average molecular
mass (see Supplementary Note 2); kB is the Boltzmann constant. The
correlation length associated with the density fluctuations, ξ(T), can
also be extracted from the SAXS measurements (see Methods and
Supplementary Fig. 5).

Figure 4A shows the experimental κT(T) of glycerol-water solution
obtained using Eq. (1) (black open circles). Also included is the κT(T) for
bulk water reported in the experiments of ref. 7 (empty red triangles).
In both cases, κT(T) increases rapidly upon cooling. A similar trend is
seen in the correlation length ξ(T) (see Supplementary Fig. 4B). Com-
pared to pure water (solid red line, Fig. 4A)55, the isothermal com-
pressibility for the glycerol-water solution is significantly lower over
the entire experimental temperature range T = 229.3–295 K. This
indicates that even though the glycerol-water system exhibits anom-
alous density fluctuations that increase upon cooling, such fluctua-
tions are less pronounced than in pure water. It follows that the

Fig. 3 | Temperature-dependence of the structure factor first-peak position,
q1(T), obtained from wide-angle X-ray scattering (WAXS) and MD simulations.
A Experimental data for the glycerol-water solutions (χg = 3.2% glycerol mole frac-
tion) obtained fromWAXSmeasurements using table-top X-ray diffraction (XRD) at
moderately supercooled temperatures (T ≥ 250–295 K, open black squares), and by
femtosecond X-ray scattering of evaporatively cooledmicrodroplets (T = 229.3–250
K, open black circles). For comparison, we include the experimental q1(T) of pure
liquid water (open red circles and triangles) from refs. 7,53. B q1(T) obtained from
MD simulations of glycerol-water solutions (χg = 3.2% glycerol mole fraction, open

black circles) and pure liquid water from ref. 49 (open red triangles). Solid lines are
smoothing spline fits. The inset in (B) shows the temperature-derivative dq1/dT for
the glycerol-water solution (open black circles) and purewater (open red triangles).
The maximum in dq1/dT occurs at T = 228 K for the glycerol-water solution and at
T = 233 K for pure water, respectively. In both figures, error bars smaller than the
size of the corresponding data points and the red arrows are used to indicate the q1
of low-density amorphous (LDA) ice, according to experiments84 at T = 80 K, and
simulations85 at T = 80 K. Error bars indicate the standard error obtained from the
gaussian fit to the first S(q) peak.
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presence of glycerol partially disrupts the collective density fluctua-
tions of water by (i) direct interactions with the water molecules, and/
or (ii) by effectively inducing confinement effects whichmay suppress
the size of the high/low-density transient domains.

We fit the experimental values of κT(T) and ξ(T) to power-law
relations54,55, specifically,

κT ðTÞ= κT , 0 ϵ
�γ and ξðTÞ= ξ0 ϵ�ν , ð2Þ

where ϵ = (T − Ts)/Ts and Ts is the temperature at which each property
diverges. The ξ0 and κT,0 are constants; ν and γ are the associated
power law exponents. The fit to the experimental values of κT(T), using
Eq. (2), is included in Fig. 4A (black solid line). The corresponding
exponent and characteristic temperature are γ = 0.36 ± 0.02 and
Ts,κ = 224 ± 1 K. Similar results hold for the correlation length (see
Supplementary Fig. 4B), with corresponding exponent and tempera-
tures being ν = 0.26 ± 0.1 and Ts,ξ = 221 ± 7 K. The power-law fitting
parameters are given in Table 1 and are close to the corresponding
values reported from experiments in pure water55. If the power law
behavior in κT(T) and ξ(T) was due to an underlying (liquid–liquid)
critical point, the power-law exponents, ν and γ, should increase and
reach maximum values as the system approaches the critical
pressure54,56,57. In the case of the Ising model, the maximum values
for the corresponding exponents areν=0.63 and γ= 1.24with a ratio of
ν/γ = 0.554,56,57. Previous analysis of the power law exponents of those
obtained experimentally supercooled water indicate that ratio of the
exponents, ν/γ = 0.65, which is relatively close to the ratio ν/γ = 0.51
that would be expected exactly at a critical point. Analysis of the γ
exponents obtained from MD simulations indicate that the various
models examined (TIP4P/2005, SPCE, E3B3 and iAMOEBA) under-
estimate the γ values compared to the experiment55.

Here we observe that the γ exponent in glycerol-water is lower
than expected for the LLCP, indicating that the system is in the
supercritical region and that this apparent critical behavior is asso-
ciated with approaching the Widom line upon cooling55. In addition,
the γ value for the glycerol-water solution (γ = 0.36 ± 0.02) is lower
than pure water (γ = 0.40 ± 0.01) indicating possibly that glycerol
partially suppresses the critical fluctuations, which is consistent with
the relative reduction in the compressibility.

An important observation from Fig. 4A is the lack of any clear
maximum in the κT(T) of the glycerol-water solution (3.2% glycerol
mole fraction) over the temperature range studied, T = 229.3–295 K
(black solid line). Similarly, the ξ(T) data of the glycerol-water solution,
does not indicate a maximum (magenta solid line in Supplementary
Fig. 5B). This is in contrast to the case of pure water, where experi-
ments show amaximum in κT(T), ξ(T), and specific heat capacity CP(T),
all at T ≈ 230 K (the maxima in κT(T) is mild but can be observed in
Fig. 4, red empty triangles; reproduced from ref. 7). In the case of pure
water, the maxima in these properties are associated with the system
crossing the Widom line upon isobaric cooling at ambient pressure6.
We note, however, that the number of data points for the glycerol-
water solution in Fig. 4A is smaller than the number of points available
for pure water7. Therefore, more experiments are needed, at
approximately T = 230 K, to confirm the absence of an κT-maximum in
the glycerol-water solution (χg = 3.2% glycerol mole fraction). Never-
theless, it is clear that adding glycerol shifts the values of κT(T) towards
lower temperatures, and, as discussed below, the results from MD
simulations strongly suggest that such a maximum is pushed
to T < 230 K.

Figure 4B shows the κT(T) of the glycerol-water solution and pure
water calculated from MD simulations which allows us to get insight
into lower temperatures. As discussed in the Methods section, κT(T) is
obtained by calculating the volume fluctuations in the system. TheMD
simulations reveal a maximum in the κT(T) of the glycerol-water solu-
tion at T = 223 ± 1 K; see Fig. 4B (black open circles). A κT-maximum is
also found in bulkwater (red empty triangles; see below).We note that
the overall magnitude of the isothermal compressibility enhancement
upon cooling is suppressed in theMDsimulations in comparison to the
experiment (see also Supplementary Fig. 6B), a known limitation of the
TIP4P/2005 and most water models58.

In order to further explore whether the experimental κT(T) data
provide any indications of a maximum in the κT(T), we analyze the
goodness of fit for the power-law model, based on the coefficient of

Table 1 | Power-law fitting parameters for the κT(T) and ξ(T) of
the glycerol-water solution (χg = 3.2% glycerol mole fraction)
based on the experimental data shown in Fig. 4 and Supple-
mentary Fig. 4B

Sample γ ν ν/γ

Glycerol-water (χg = 3.2 mol%) 0.36 ± 0.02 0.26 ± 0.1 0.73 ± 0.4

Pure water55 0.40 ± 0.01 0.26 ± 0.3 0.65

Ising model54 1.2 0.6 0.5

The fitting parameters are defined in Eq. (2).

Fig. 4 | Temperature-dependence of the isothermal compressibility κT.
A Isothermal compressibility, κT, of glycerol-water solutions (χg = 3.2% glycerol
mole fraction, black open circles) calculated from the structure factor obtained
using the femtosecondX-ray scattering (SAXS). Also included is the κTof purewater
from the SAXS experiments reported in ref. 7 (open red triangles). Solid lines are
power-law fits to the data using Eq. (2)55 (see also Table 1). B The κT(T) of the

glycerol-water solution (χg = 3.2% glycerol mole fraction, black open circles) and
pure TIP4P/2005 water obtained from MD simulations (open red triangles21 and
squares86). A maximum in κT(T) is found in the MD simulations of both pure TIP4P/
2005 water (T = 234 K) and glycerol-water solutions (T = 223 ± 1 K). The solid lines
are spline interpolations to the data. Note the difference in the scale of the x and y
axis between the panels. Error bars indicate the standard error.
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determinationR2. The power-lawmodel predicts a divergence at T = Ts,
where the κT(T) would be infinite. Approaching the Widom line, it is
expected that the κT(T) would deviate from the power-law prediction
in the proximity of the κT(T) maximum55. Supplementary Fig. 8A shows
the power-law fit for the experimental κT(T) data, including the whole
temperature range (dashed line) and by excluding the κT data point at
T = 230 K (solid line). Based on the R2, we observe that the best fit to
power law is obtained by excluding the κTdata point atT = 230K (solid
line). Hence, the data point for κT(T) at T = 230 K deviates from the
power-law behavior.We validate this approach byperforming a similar
analysis on the MD simulations, shown in Supplementary Fig. 8B.
Again, we observe a similar behavior, whereby excluding the κT(T) data
at T ≤ 230 K (solid line) provides a significantly better agreement
(R2 = 0.992) with a power law. The fit to all values of κT(T) including the
T = 230 K data point is shown by the dashed line (R2 = 0.936). This
result indicates that the κT(T) data deviate from the power law at
T = 230 K.We note that the data at T = 220 K deviate even further from
the power-law behavior, as this is the temperature where the κT(T)
maximum is observed.

It should be noted here, that the deviation at T ≤ 230 K appears
larger for the MD simulation than in the experiment, likely due to
limitations of the MD model. TIP4P/2005 model underestimates the
amplitude of the κT(T) maximum for pure water. Indeed, a shift in
pressure results in better agreement between the results of MD
simulations of TIP4P/2005 water and experiments which can be
explained by considering that the location of the liquid–liquid critical
point in TIP4P/2005 water is shifted, in the P–T plane, relative to the
corresponding location of the liquid–liquid critical point of real water.
This effect is also seen in the broader κT(T) maximum of TIP4P/2005
water, compared to experiments21, which implies that any deviation
observed for the power-lawbehavior would bemore significant for the
simulation than the experimental data, as observed in Supplemen-
tary Fig. 8B.

A comparison of the MD simulations results shown in Fig. 4B
indicates that the addition of glycerol (i) reduces the value of the
maximum in κT(T) and (ii) shifts the κ-maximum to lower tempera-
tures. In particular, point (ii) is fully consistent with the experimental
data shown in Fig. 4A, where the κ(T) of the glycerol-water is always
lower than that of pure water. This observation implies that adding
glycerol shifts the Widom line of water to lower temperatures at
ambient pressure. This also suggests that adding glycerol has a similar
effect on water as increasing the pressure, disrupting the hydrogen-
bond network of water28. However, we note that in pure water,
increasing pressure also increases the maximum value of κT since the
system is brought closer to the critical point pressure of water55. The
observed smaller magnitude of the κT for the glycerol-water solution,
compared to pure water, can be rationalized by considering that,
unlike the external force of pressure, the water structure is disrupted
locally by the presence of the glycerol molecules within the solution.
The intercalating glycerol molecules can cause an additional confine-
ment effect which can limit the size of correlated water domains and
thereby suppress the magnitude of the density fluctuations.

Local structure index
To explore the local structure of water within the glycerol-water
solution, we calculate the local structure index (LSI) of the water
molecules in the system. The LSI describes the local structure around a
central water oxygen atom in terms of the distances between neigh-
boringoxygen atoms (seeMethods section).High values of LSI indicate
ordered structures with well-defined first and second hydration shells,
while low values of LSI indicate disordered, collapsed structures with
molecules populating the interstitial shell, in between the first and
second hydration shells59–61. MD simulations of pure liquid water at
room temperature and P = 1 bar exhibit a bimodal LSIdistribution14,61,62:
highly tetrahedral LDL-likemolecules result to large values of LSIwhile

HDL-like molecules, characterized by populated first-interstitial shells,
exhibit low values of LSI. Figure 5A shows the distribution of LSI values
calculated from the MD simulations of the glycerol-water solution at
different temperatures. To obtain well-defined LSI distributions, we
remove the molecular intermolecular vibrational effects due to ther-
mal fluctuations and evaluate the LSI at the inherent structures
(potential energy minima) of the system (see Methods). We find that,
as reported in MD simulations of pure water14,61,62, the glycerol-water
solutions exhibit temperature-dependent bimodal LSI distributions,
with a localminimumat LSI≈0.114Å2. The peak located at LSI<0.114Å2

corresponds to HDL-like water molecules and shrinks upon cooling,
while the second peak located at LSI > 0.114Å2 corresponds to LDL-like
water molecules and becomes more pronounced with decreasing
temperatures. Figure 5B shows the fraction of HDL-like (LSI ≤ 0.114 Å2)
and LDL-like molecules (LSI > 0.114 Å2) calculated from Fig. 5A. At
T ≈ 232 K, the glycerol-water solution is composed of an equal amount
of LDL- and HDL-like water molecules; at higher (lower) temperatures,
the majority of the water molecules are HDL-like (LDL-like).

Snapshots of the glycerol-water solution extracted from our MD
simulations are included in Fig. 5C for the cases T = 190K (left),T = 230
K (center) and T = 270 K (right). Here, the glycerol molecules are
colored in white, while the HDL- and LDL-like water molecules are
shown in red and blue colors, color-coded based on their classification
as HDL-like (with LSI ≤ 0.114 Å2) and LDL-like (with LSI > 0.114 Å2),
respectively. As expected, the system at T = 190 K is characterized by
large cohesive LDL-like (blue) domains containing scattered glycerol
molecules; a small number of residual HDL-like water molecules are
also observed. The opposite scenario is observed at high tempera-
tures; at T = 270 K, the system is composed mostly of HDL-like (red)
molecules surrounded by scattered glycerol molecules and LDL-like
domains.Wenote that, atT=270K, the relative differencebetween the
HDL-like and LDL-like fraction of molecules is less pronounced than at
T = 190 K, as observed before for pure water61. At T = 232 K, on the
other hand, there are nearly equal fractions of HDL-like and LDL-like
waters that form highly interpenetrating networks. The rather large
percolation of the LDL andHDL domains throughout the system could
reflect maximal fluctuations in the proximity to the Widom line. This
observation closely coincides with previous simulations of pure water
with the TIP4P/2005model, where a 1:1 distribution betweenHDL- and
LDL-likemolecular specieswas observed atT ≈ 233K61. At T = 230K, we
observe that the LSI does not differ whether one examines the bulk
water or that in the proximity of the glycerol (see Supplementary
Supplementary Fig. 13). It should be noted here, as shown in ref. 63,
that these results can depend on the local order parameter used to
examine the nature of water in the hydration layer. Our study based on
the LSI order parameter suggests that at T = 230 K, the local glycerol
environment consists 1:1 of HDL/LDLwatermolecules, which reversely
indicates that the system is isocompositional, i.e. LDL and HDL have
the same concentration of glycerol, as suggested previously28.

Discussion
In this work, we present results from femtosecond SAXS and WAXS
experiments, and complementary MD simulations of dilute glycerol-
water solutions (χg = 3.2% glycerol mole fraction) over a wide range of
temperatures, T = 229.3–295 K. By using rapidly evaporating micro-
droplets in vacuum (18.7 μm in diameter), we study the glycerol-water
solutions deep in the supercooled liquid regime (T = 229.3 K), thereby
avoiding crystallization. Overall, we find a good agreement between
the SAXS/WAXS experiments and MD simulations. We observe that:
(i) In the WAXS regime, the structure factor first-peak position q1(T)

shifts towards lower values of momentum transfer q as the
temperature decreases [Figs. 2, 3]. A similar temperature effect on
q1(T) has been reported for pure water7,9. This implies that, as in
the case of pure water, the local arrangements of the water
molecules within the glycerol-water solution become more

Article https://doi.org/10.1038/s41467-024-54890-y

Nature Communications |        (2024) 15:10610 6

www.nature.com/naturecommunications


ordered (tetrahedral) upon cooling [Fig. 5]. Interestingly, the
temperature-derivative dq1/dT obtained from theMD simulations
of the glycerol-water solution and pure water exhibit a maximum
at a similar temperature, T ≈ 230 K. In the case of pure water, this
temperature coincides approximately with the Widom line
temperature (at ambient pressure)7.

(ii) At very low q, in the SAXS regime, both experiments and MD
simulations show a strong increase in the structure factor of the
glycerol-water solution upon cooling. This implies that there is an
anomalous increase in density fluctuations in the solution with
decreasing temperature. From the SAXS experiments, we calcu-
late the isothermal compressibility κT(T) of the glycerol-water
solution, and the correlation length of the associated density
fluctuations, ξ(T). Both quantities increase anomalously upon
cooling following a power law. The corresponding power-law
exponents are not large enough to justify the existence of a
(liquid–liquid) critical point at ambient pressure. Instead, our
results indicate that the microdroplets are in the supercritical
state and are fully consistent with those from experiments
performed for pure water7,55.

An important experimental result of our study is that the addition
of glycerol reduces the isothermal compressibility and the associated
density fluctuations of pure water (at a given temperature); this could
be, for example, due to the direct interactions (hydrogen-bonds for-
mation) between the glycerol andwatermolecules, and/or because the
glycerol molecules may limit the size of the density fluctuations
(confinement effect). Additionally, our results indicate that adding
glycerol shifts both the κT(T) and ξ(T) of pure water towards lower

temperatures. We note that the κT(T) of pure water exhibits a max-
imum at T ≈ 230 K while, instead, our studies on glycerol-water solu-
tions (χg = 3.2% glycerol mole fraction)) suggest that such a maximum,
shifts to lower temperaturesdue to thepresenceof glycerol. Extending
our experiments to lower temperatures, T < 230 K, to directly observe
the maximum in κT(T) is highly non-trivial. One possible avenue to
extend the experimentally accessible temperatures to significantly
lower values would be to utilize the high repetition rates of super-
conducting XFELs (like the European XFEL or LCLS-II), which allow the
acquisition of data at kHz to MHz rates (vs 50Hz at SACLA). This
approach would enable orders of magnitude more statistics even at
very low hit-rates, which can be especially useful for accessing the
regime T < 230K, where the hit-rate is on the order of 0.1%. This comes
with challenges related to operating the liquid jet at kHz to MHz rates,
as well as big data volumes, which have been solved already for serial
crystallography64. An alternative approach to explore the existence of
an LLCP at elevated pressure would be to prepare high-density
amorphous ice samples with different glycerol-water concentrations
and perform a temperature-jump experiment (as in refs. 6,10,12).
Possible challenges here relate to establishing accurately the trajectory
across the pressure–temperature phase space and creating thin ice
samples to ensure homogeneous heating.

The effects of glycerol on the κT-maximum of water are nicely
demonstrated by our MD simulations which allows us to extend the
temperature range accessible to the glycerol-water solution down to
T = 190 K. The MD simulations reveal that a maximum in the κT(T) of
the glycerol-water solution indeed exists, and that it is shifted to lower
temperatures relative to pure water. Specifically, the κT-maximum
temperatures are T = 223 ± 1 K for the glycerol-water solution and pure

Fig. 5 | The inherent local structure index (LSI) ofwater fromMDsimulations of
glycerol-water solution at different temperatures. A Probability distributions of
the inherent LSI for the water molecules shown for different temperatures. The
distribution is bimodal corresponding to HDL-like water molecules at LSI < 0.114 Å2

and LDL-like water molecules for LSI > 0.114 Å2. B The temperature dependence of
the LSI populations, indicating a decrease of the HDL-like population (red circles,
LSI ≤ 0.114 Å2) and an increase of the LDL-like population (blue squares, LSI > 0.114

Å2) upon cooling. The population crossing occurs at approximately T = 232K. Solid
lines correspond to smoothing spline fits. C Snapshots of theMD simulation box at
T = 190 K (left), T = 230 K (center) and T = 270 K (right). Here, the water molecules
are colored according to their inherent LSI value with HDL-like water in red
(LSI≤0.114 Å2) and LDL-like in blue (LSI > 0.114 Å2), while glycerol molecules are
shown in white. The simulation boxes were rendered using VMD87.
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water. In the case of pure water, the κT-maximum observed in experi-
ments (T ≈ 230 K7) and MD simulations (TIP4P/2005 T ≈ 234 K21) was
linked to density fluctuations between HDL/LDL domains, and the κT -
maximum itself was identified as theWidom line6,7,55,58 emanating from
a LLCP. The same interpretation applies to the water domains within
the glycerol-water solution; the role of glycerol is just to shift suchLDL/
HDL fluctuations to lower temperatures. Our results are further con-
sistent with the previous MD simulations of ion-water mixtures, which
indicate that the location of the LLCP in the phase diagram is shifted
relative to pure bulk water due to the presence of the solutes31–34.

The analysis of the LSI order parameter, based on the MD
simulations, is also consistent with the presence of LDL and HDL
domains in the glycerol-water solution. Specifically, we found that
the fraction of LDL-like water molecules within the mixture increases
upon cooling. Importantly, theMD simulations show that at T ≈ 232 K
the system is composed of equal amounts of HDL- and LDL-like
molecules, similar to the the case of pure water. This observation
indicates that even though the κT-maximum, reflecting collective
density fluctuations, is shifted to lower temperatures in the glycerol-
water solution (T = 223 ± 1 K), the local water structure in the mixture
follows the temperature dependence of pure water. This inter-
pretation is consistent with the observed maximum of the
temperature-derivative dq1/dT at T ≈ 231 K, as it is also a local
structural probe. That can be an indication that the line in the phase
space of the glycerol-water solution defined by the κT-maxima devi-
ates from those defined by structural observables, such as the dq1/dT
and the HDL/LDL populations extracted with the LSI. The lines of
maxima of different thermodynamic response functions, as well as
dynamic and structural observables, can deviate from each other in
the supercritical of the solution65. These lines of maxima of the dif-
ferent properties should, however, converge upon approaching the
critical point into a single line, the Widom line, defined as the line of
the maxima of the correlation length. Therefore, our data indicate
that the system is in supercritical conditions at this region of the
phase space (ambient pressure and approximately T > 229 K) and
that if an LLCP exists in the glycerol-water mixture, it is expected to
be located at higher concentrations and/or higher pressures than
those studied here. This observation is in accordance with previous
studies starting from glassy samples, which indicate an LLCP in the
glycerol-water system at (T, χg, P) = (150 K, 13.5%, 45 MPa).

In conclusion, our results shed light on the influence of glycerol
on the local structure of supercooled water and provide evidence
that the two-liquid framework of water can be extended to describe
the thermodynamic properties of solutions. Alternatively, our find-
ings show how the properties of pure water, and its underlying LLCP,
may affect the properties of aqueous solutions. We find that, even at
dilute conditions, the presence of glycerol can partially suppress the
collective density fluctuations of pure water and shift its LLCP
towards lower temperatures. The suppression of density fluctuations
observed here can be linked to glycerol’s cryoprotectant ability to
frustrate the fluctuations associated with the formation of the critical
nucleus preceding crystallization of the system66. The knowledge of
the changes in the local water structure and nanoscale fluctuations,
with increasing glycerol content, as provided in the present study,
are then potentially crucial to design the appropriate cryoprotectant
mixtures. Our results may therefore be important to advance cryo-
preservation techniques and the design of cryoprotectants that
better prevent ice nucleation, a key challenge in cryopreservation.
By tuning glycerol concentrations, or combining it with other cryo-
protectants like DMSO or ethylene glycol, formulations can be
optimized to maximize the suppression of crystallization while
maintaining low toxicity27. This is particularly relevant for biological
applications where ice formation can damage cells and can be ben-
eficial for cryopreserving complex tissues or organs, where ice for-
mation must be avoided26. Additionally, understanding the impact of

glycerol on water local structure at elevated pressure would benefit
the development of high-pressure cryopreservation techniques in
combination with glycerol-based solutions that could further
enhance control over freezing processes67.

Methods
X-ray free-electron laser (XFEL) measurements
The XFEL experiments were performed at the BL3 beamline (EH2
hutch) at the SPring-8 AngstromCompact free electron LAser (SACLA)
in Japan (proposal no. 2022B8033). The experimental parameters are
summarized in Table 2.

Sample and droplet setup parameters
For the glycerol-water solution droplets setup, we follow a protocol
similar to that employed in ref. 7 to study the properties of super-
cooled droplets of pure water. Here, we prepare liquid droplets of
18.7 μm in diameter composed of glycerol-water solutions of χg = 3.2%
glycerol mole fraction (14.5 wt%). We used MilliQ water and glycerol
from Sigma-Aldrich (prod. no. G9012). The droplets are supercooled
by the rapid evaporative cooling technique described in refs. 6,7,9,68.
The droplets were generated using a piezo-driven microdispenser
device with an orifice diameter of 10 μm- (MJ-ATP-01-10-8MX from
Microfab), and modulated at frequency 156–157 kHz. A back pressure
of 2.5–2.8 bar nitrogen gas was applied to the sample solution con-
tainer to pump the liquid through the dispenser, creating a train of
equidistant droplets with 85 μm center-to-center distance (see Fig. 1.
The droplets were injected vertically downwards into a vacuum
chamber at vacuum pressure 1.6 Pa and the jet was captured by a
cryotrap. The sample vacuum chamber was directly connected to the
X-ray flight tube downstream and with an 8-inch exit kapton window
(125 mm thickness) at ≈ 95 mm from the X-ray interaction point. A
beam stop (Tungsten-Aluminum-Graphite cylinder, 3 mm in diameter
and 13 mm in length) was glued to the inside of the exit window to
block the direct beam.

To study the properties of glycerol-water solution at different
temperatures, data was collected from droplets at different distances
from the dispenser tip. The position of the dispenser was controlled
using a manipulator (VAb Vakuum-Anlagenbau GmbH). The tempera-
ture of the droplets, which decreases as they travel in vaccuum (eva-
porative coolingin the range T = 229–259 K) was estimated using the
Knudsen evaporation theory and thermodynamic properties of
glycerol-water mixtures. The Knudsen evaporation model for droplet
temperature estimation has been examined in detail previously, both
experimentallybasedonXFEL7,9 andRaman69measurements, aswell as
from MD simulations70 (see also Supplementary Note 3).

To monitor the position and characterize the droplet stream
during the measurements, an optical microscope was focused on the
X-ray focal point in the direction perpendicular to the optical axis.
The droplet size and droplet-droplet distance were calibrated from
the microscope images (see example in Fig. 1) close to the dispenser
tip, and from the known outer diameter of the dispenser housing
(565.4 μm), as determined from high-resolution optical microscopy.

Table 2 | XFEL experiment parameters

Photon energy 7.7 keV

Pulse energy ≈ 0.5 mJ

Pulse length <10 fs

Repetition rate 30 Hz

Beam focus size (FWHM) 4.5 × 3 μm2 (horizontal × vertical)

MPCCD octal SWD detector 4 × 2 units, 1024 × 512 pixels per unit

Pixel size 50 μm

Accessible q-range q ≈ 0.15-1.89 Å−1
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WAXS and SAXS data analysis
For each temperature studied, about 20,000–200,000 single-shot
images were collected, filtered (to exclude missed and frozen dro-
plets), and averaged; see Supplementary Note 1. The procedures to
obtain the structure factor S(q) from themeasured scattering intensity
I(q) aredetailed inSupplementaryNote 1. Note that the liquid structure
factors presented herein are normalized to the molecular form factor
f(q), and hence represent the center-of-mass arrangement of liquid
molecules in reciprocal space. The structure factor first-peak position
q1(T) (in the WAXS patterns) was extracted by fitting a Gaussian func-
tion over the range q ≈ 1.7–1.9 Å−1. A similar fitting procedure was
applied to obtain the q1 structure factor peak positions from the XRD
measurements and MD simulations of the glycerol-water solution, as
well as from reference structure factor patterns of pure water in
literature7,53. These data were fitted with Gaussian functions over a
slightly larger accessible range q ≈ 1.7–2.1 Å−1.

The total SAXS structure factor S(q) is analyzed by following the
same procedure employed in ref. 7,50,51. Specifically, S(q) is decom-
posed as the sumof a normal liquid component, SN, and an anomalous
component, SA),

SðqÞ= SAðqÞ+ SNðqÞ ð3Þ

The Percus-Yevick (PY) structure factor for a hard-sphere system,
SPY(q), is used to describe the normal component of the structure
factor, i.e., SN(q) = SPY(q). We utilize the PY method provided by the
Jscatter (1.6.4) package71,72, SPY(q, R, η). The parameters R and η are the
hard-sphere radius and the volume fraction of the system, respec-
tively, and are obtained by fitting the SAXS curves for 0.15 < q < 0.7 Å−1.
To minimize the number of fitting parameters we assume that R is
temperature-independent (R = 1.78 ± 0.01Å); this assumption does not
affect the resulting trends.

The excess anomalous scattering SA(q) is due to critical fluctua-
tions and is describedby theOrnstein-Zernike relation54,57,73; for a given
temperature,

SAðqÞ=
SAð0Þ
1 + ξ2q2

, ð4Þ

where ξ is the correlation length and SA(0) is the excess anomalous
scattering at q = 0. By fitting the S(q) in the SAXS domain using Eq. (3),
we additionally obtain the structure factor extrapolated at q → 0, from
which the isothermal compressibility of the solution is calculated via
Eq. (1).

X-ray diffraction (XRD) measurements
X-ray diffraction (XRD) measurements of glycerol-water solutions
(χg = 3.2% glycerol mole fraction), made from the same batch solution
used for the SACLA XFEL experiments, were conducted using a Bruker
D8VENTURE Single Crystal XRDwith a Photon III detector andMo (K-α)
source. The solution was measured in Kapton capillaries (1 mm dia-
meter) with a 70 mm sample-detector distance. The solutions were
studied at temperatures ranging from T = 295 K to moderate super-
cooling T = 250 K using a liquid nitrogen-cooled air flow and a 15 min
temperature equilibration time. The largerWAXS q-range (q ≈0.6-6Å−1)
acquired from the XRD measurements was utilized for the accurate
normalization of the scattering intensity I(q) to electron units, and
conversion to the structure factor S(q) for the SACLA XFEL scattering
patterns, as described in Supplementary Note 1.

Molecular dynamics (MD) simulations
All MD simulations were performed using the GROMACS 2022.5 soft-
ware package74. The CHARMM36 force field75,76 was used to represent
the glycerol molecules and the TIP4P/2005 model was used to model
the water molecules77. The simulation box contains 320 and 9,680

molecules of glycerol and water, respectively, and the system box
dimensions are approximately 69Å × 69Å × 69Å. Periodic boundary
conditions apply along the three directions. The simulation time step
is dt = 2 fs.

MD simulations are performed at T = 190, 200, 210, . . . 290 K.
The equilibration of the system is done in two steps: (1) a short 10 ns
MD simulation at constant volume (NVT), (ii) followed by another
MD simulation performed at constant pressure (NPT) for 0.2–1.0 μs,
depending on temperature (from 0.2 μs at T = 290 K to 2.0 μs at
190K). During equilibration, the temperature is controlled using a
Nosé-Hoover thermostat (with a coupling time of 1 ps) while the
pressure is kept constant using a Berendsen barostat (with a coupling
time of 2 ps). The system is equilibrated at each temperature, inde-
pendently by monitoring the time dependence of the potential
energy (see Supplementary Note 5). At each temperature, equilibra-
tion is followed by a 200 ns production run at P = 1 bar (see Sup-
plementary Note 5). During the production runs, the temperature
and pressure are controlled by a Nosé-Hoover thermostat (with a
coupling time of 1 ps) and a Parrinello-Rahman barostat (with a
coupling time of 10 ps). This approach allows for efficient pre-
equilibration due to the fast convergence of the Berendsen78 baro-
stat, whereas the Parrinello-Rahman barostat79,80 combined with the
Nosé-Hoover temperature coupling81, allows to sample accurately
density fluctuations as it gives the correct ensemble. The total pro-
duction run time is longer than the time required for the density
autocorrelation function to decay to zero (see Supplementary
Fig. 11). Similarly, the total production time is long enough so that
both the glycerol and water molecules reach the diffusive regime at
which the corresponding mean-square displacement (MSD) increa-
ses linearly with time. In addition to checking for any possible
sources of uncertainty due to the different starting geometries, we
have repeated all simulations three times, starting from independent
molecular geometries and repeating the equilibration and produc-
tion runs, as described above (see Supplementary Note 5). Part of the
calculations were performed in a reproducible environment using
the Nix package manager together with NixOS-QChem82.

Simulated X-ray structure factor
In the MD simulations, the X-ray structure factor S(q) was calculated
from the radial distribution function g(r) according to the method
described in ref. 22. Specifically,

SðqÞ ’ 1 + 4π�ρ
Z rmax

0
wðrÞr½gðrÞ � 1� sinðqrÞ

q
dr, ð5Þ

where �ρ is the number density and r is the radial distance. In Eq. (5) only
the heavy atoms are used for the calculation of g(r) (i.e., H atoms are
excluded) since these atoms dominate the scattering cross-section at
the experimental photon energies considered. The integration interval
is limited to rmax = a/2 where a is the simulation box size. w(r) is a
window function introduced to minimize truncation ripples arising
from the Fourier transform (Eq. (5)) over a limited integration interval;
w(r) is given by22

wðrÞ=
1� 3 r

rmax

� �2
, r < 1

3 rmax

3
2 1� 2r

rmax
+ r

rmax

� �2
� �

, 1
3 rmax < r < rmax

0, r > rmax

8>>>><
>>>>:

ð6Þ

Eq. (5) is valid in the dilute limit (see details in Supplementary Note 1)
and is utilized here as an approximation for the dilute solution (3.2%
glycerol mole fraction). For every temperature, the g(r) is computed
individually for each frame and then averaged over every 10 frames
separated by 100 ps (in total 1 ns). From each averaged g(r), a
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corresponding S(q) is determined. The standard error in the S(q) is
calculated over the whole production run (200 ns).

Isothermal compressibility from the MD simulations
The isothermal compressibility κT(T) is calculated from the MD simu-
lations by evaluating the volume fluctuations (δV) in the systemduring
the production runs74,83. Specifically,

κT =
hδV2iNPT
kBhV ihTi

, ð7Þ

where 〈V〉 is the time-averaged volume of the system, kB is the
Boltzmann constant, and 〈T〉 is the time-averaged temperature.

Calculation of the Local Structure Index (LSI)
For a given water molecule i, the corresponding local structure index
(LSIi) is given by59–61

LSIi =
1
ni

Xni

j = 1

Δij � hΔiji
h i2

, ð8Þ

where ni is the number of water oxygen neighbors that molecule i has
within a O–O cutoff distance rOOc = 3:7 Å. Δi,j = ri,j+1 − ri,j where ri,j is the
distance between the oxygen atoms of molecules i and j.

To improve the resolution of the distribution of LSI values of the
different water molecules, we calculated the LSI parameter of the
molecules at the so-called inherent structure61. For a given instantaneous
configuration, sampled during the MD simulation, the inherent struc-
ture is the corresponding configuration obtained byminimization of the
potential energy of the system. For a given temperature, we obtained
101 configurations evenly sampled from the production run. Potential
energy minimization of these configurations was performed using the
steepest descent algorithm. The system is considered to reach its
inherent structure when the maximum force (gradient in the potential)
during the minimization algorithm is smaller than 50 kJ mol−1 nm−1.

Data availability
The data are available from the authors upon request. Source data are
provided with this paper.
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